The optimal conditions for the production ofaminobutyric acid (GABA) by the marine yeast isolate Pichia anomala MR-1 strain appeared to be completely different from those required for growth and biomass production of the yeast strain. By proper reaction temperatures and pH levels, the efficiency of GABA production was improved dramatically. Supplying enough energy for the reaction was another important technical element to improve the production efficiency of GABA. The MR-1 isolate was found to use various saccharides, including glucose and fructose, as well as intermediate metabolites in the tricarboxylic acid (TCA) cycle to promote GABA production. On the other hand, ethanol, various free amino acids, and organic acids were detected along with GABA in the reaction solution. These results suggest that production of GABA by the MR-1 strain is not due to a single enzymatic reaction. Rather it is a fermentation reaction, possibly involving a combination of intracellular metabolic pathways.
For many years marine microbes have been studied and developed as materials for the production of novel bioactive substances, focusing especially on their utilization as antibiotics and antitumor materials. 1, 2) In an effort to isolate marine microbes as materials for the production of novel functional food substances, we screened marine yeasts from the seawater of the coastal and deepsea areas in the Pacific Ocean and the Sea of Japan off central and northern Japan from April 2003 to October 2005. 3) We isolated 248 strains of yeast-like microbes, four of which were found to possess higher catalytic activity than commercially available bread yeasts and other marine yeasts, producing -aminobutyric acid (GABA) from monosodium glutamate in the presence of glucose. 3) One of these four strains, isolated from the Pacific Ocean off Hachinohe and hence named Hachinohe no. 6, showed the highest catalytic activity.
3) Subsequent characterization by physiological and biochemical means and through gene sequencing revealed that Hachinohe no. 6 belongs to a new strain of Pichia anomala, which was named P. anomala MR-1. 4) GABA is a non-protein amino acid known as one of the major inhibitory neurotransmitters in the central nervous system. It is distributed mainly to the brain and spinal cord of animals and performs a number important physiological functions. [5] [6] [7] [8] [9] [10] Owing to such diverse and beneficial health effects, GABA is used in many healthfood formulations by the food industry. It has been reported that certain physical and chemical processes in some industrial food products greatly increase the production of GABA. [11] [12] [13] [14] Glutamate decarboxylase, found in Lactobacillus, can also produce GABA on an industrial scale. 15) While yeasts have long been used in the food and beverage industries in many functional foods, GABA production has never been reported.
Although the MR-1 strain was found to have the highest catalytic activity for the production of GABA among all 248 isolates in our previous study, 3) their reaction conditions have not yet been optimized for the industrial production of GABA. Here we report the optimal reaction conditions for the P. anomala MR-1 strain to achieve maximum GABA production. We found that the optimal reaction temperatures and pH values required for GABA production differed from those required for yeast biomass generation. Supplying enough energy in the reaction vessel appeared to be another important factor that greatly improved the efficiency of production of GABA.
Materials and Methods
Materials. Chemicals and reagents of analytical grades were purchased from Sigma (Tokyo), except YPD broth, which was procured from Difco Laboratories (Detroit, MI).
Yeast strain. The marine yeast Pichia anomala MR-1 strain used in this study was described previously. 3, 4) This isolate was streaked on an agar plate containing 2% glucose, 2% peptone, 1% yeast extract (YPD), and 2% agar w/v supplemented with 3% NaCl and 100 ng mL À1 chloramphenicol to avoid bacterial growth. Agar plates were incubated at 25 C for 5-7 d until colonies appeared. Single colonies were used in subsequent liquid cultures.
Proliferation cultures of the MR-1 strain. The MR-1 strain was grown at 25 C for 48 h in 200 mL of YPD broth using 300-mL Erlenmeyer flasks on a rotary shaker (Takasaki Scientific Instruments, Kawaguchi, Japan) at 120 rpm. The cells grown were collected by y To whom correspondence should be addressed. Tel: +86-571-86796099; Fax: +86-571-86796012; E-mail: xiaofeng.guo@wahaha.com.cn Abbreviations: GABA, -aminobutyric acid; TCA cycle, tricarboxylic acid cycle; YPD, yeast peptone dextrose; ATP, adenosine 5 0 -triphosphate; PLP, pyridoxal 5 0 -phosphate centrifugation at 5;000 Â g for 15 min at 15 C. They were then suspended in 100-200 mL of sterile distilled water and centrifuged again, as described above. The pellets containing the cells thus obtained (water content 75.5% w/w) were used in various experiments, as described below.
Effects of temperature, pH, and NaCl concentration on the growth of the MR-1 strain. The effect of temperature on the growth of the MR-1 strain was examined by adding 2:5 Â 10 6 cells to 12 20-mL L-test tubes each containing 10 mL of YPD broth. The test tubes were incubated at C for 72 h in a TN-2612 temperature gradient incubator (Advantec MFS, Tokyo) at 30 rpm. The growth curve was determined by hourly automatic monitoring of the absorbance at 660 nm. On the other hand, growth at different pH values was examined by adding various buffers to YPD powder at a final pH of 2.2-8.0 (0.1 m citric acid-0.2 m Na 2 HPO 4 ), 9.0-10.0 (0.2 m glycine-0.2 N NaOH), and 11.0 (0.5 m Na 2 HPO 4 -0.1 N NaOH). YPD culture solutions were also used to examine growth at 0-3.0 m NaCl. The culture conditions were the same as those described above, except that the reaction temperature was fixed at 25 C.
Effects of temperature, pH, and NaCl concentration on GABA production by the MR-1 strain. The production of GABA at different reaction temperatures was examined by adding 0.2 g of pure cell bodies of the MR-1 strain to 10 mL of a reaction solution containing 5% glucose and 1% monosodium glutamate each in 20-mL L-test tubes. The reaction solution was incubated at C for 72 h in a TN-2612 temperature gradient incubator at 30 rpm. It was then subjected to centrifugation at 6;000 Â g for 15 min after heating at 85 C for 15 min. The supernatant was collected and concentrated to 5.0 mL (equivalent to 25 times the weight of the cell bodies weight), and then various reaction solutions were prepared and analyzed in the same ratio. The concentrations of GABA and of the various free amino acids produced were analyzed with an automatic JIC-500/V amino acid analyzer (JEOL, Tokyo).
To compare the production of GABA at different pH values, 0.5 g of pure cell bodies of the MR-1 strain was added to 200-mL Erlenmeyer flasks containing 25 mL of the reaction solution consisting of 5% glucose, 1% monosodium glutamate, and various buffers at pH 3-8 (0.1 m citric acid-0.2 m Na 2 HPO 4 ). The flasks were incubated at 45 C for 72 h on a rotary shaker (Takasaki Scientific Instruments, Japan) at 120 rpm. To determine the production of GABA at various NaCl concentrations, the same reaction solution was used, except that the buffer solutions were replaced with 0-50 mm NaCl solutions. The further experimental conditions were the same as those mentioned above for the various temperatures, except that the last reaction solution was concentrated to 12.5 mL.
Effects of cell concentration and various reactants on GABA production by the MR-1 strain. The optimal concentration of yeast cell bodies was examined by adding pure cell bodies of the MR-1 strain to 200-mL Erlenmeyer flasks containing 25 mL of the reaction solution consisting of 5% glucose and 1% monosodium glutamate to final cell body concentrations of 0, 1.0, 2.0, 3.0, 5.0, 7.5, and 10.0% w/v.
A reaction solution containing 2% w/v pure cell bodies of the MR-1 strain and 1% monosodium glutamate supplemented with 0-10.0% w/v glucose in a final reaction solution of 25 mL was used to determine the optimal glucose concentration. The same reaction solution without monosodium glutamate was used as control.
The effects of various mono-and disaccharides (5% w/v), such as fructose, maltose, and sucrose, were examined, in place of glucose. Alternatively, 50 mm of various intermediates in glycolysis and the TCA cycle, including pyruvate, -ketoglutarate and succinate, were also used to their effects on the production of GABA.
A reaction solution containing 2% w/v pure cell bodies of the MR-1 strain and 5% glucose was supplemented with 0-5.0% w/v monosodium glutamate in a final reaction solution of 25 mL. This was used to the optimal concentration of monosodium glutamate. The rate of conversion from monosodium glutamate to GABA was calculated by the following equation: 15) Conversion rate (%) ¼ Wr=Wt
Wr: real yield of GABA (g) Wt: theoretical yield of GABA (g) Wm: molecular weight of monosodium glutamate=169.11 Wc: consumption of monosodium glutamate (g) Wg: molecular weight of GABA=103. 12 The reaction solutions in Erlenmeyer flasks were incubated at 45 C for 72 h on a rotary shaker at 120 rpm, and subjected to centrifugation at 6;000 Â g for 15 min after heating at 85 C for 15 min. The supernatant was collected and concentrated to 12.5 mL.
Results
Effects of temperature, pH, and NaCl concentration on the growth of the MR-1 strain
In order better to understand the physiological characteristics of the MR-1 strain to produce GABA on an industrial scale, the effects of temperature, pH, and NaCl on cell growth were examined in detail. In a normal YPD medium, cells were grown at temperatures from 12 to 35 C, with optimal growth between 18 and 28 C (data not shown). No growth was observed at temperatures below 5 C or above 35 C. As for culture pH, the cells grew over a wide range of pH values, from 2.2 to 10.0, and optimally between pH 4.0 and 8.0 (data not shown). On the other hand, the strain was also able to grow in a wide range of NaCl concentrations, from 0 to 2.0 m (0-11.7% w/v). Growth at 11.7% NaCl was much higher than at the 3.5% NaCl found in seawater, suggesting that the isolate can withstand high salt concentrations.
Effects of temperature, pH, and NaCl concentration on the production of GABA by the MR-1 strain Production of GABA by the MR-1 strain was induced by the addition of 5% glucose and 1% monosodium glutamate to the culture medium. To establish the most suitable reaction conditions for the production of GABA, we examined the effects of temperature, pH, and NaCl concentration. As shown in Fig. 1a , GABA was produced within a temperature range of C, though the amounts of GABA produced were markedly different depending on temperature. Suitable temperatures were in a range of 36-48 C, and the highest was at 44 C, which did not correspond to optimal growth at 18-28 C. Since the production of GABA at 44 C was approximately 20 times higher than at 30 C, it became apparent that the choice of the most suitable reaction temperature is crucial to improve the efficiency of production of GABA.
To whether the MR-1 strain would continue growing during the production of GABA, growth was observed by automatic hourly monitoring of the absorbance at 660 nm using the same reaction solution as for the production of GABA, except that the concentration of yeast cells was decreased to 2:5 Â 10 6 per 1.0 mL of reaction solution. It was observed that the growth of the cells was low at 36 C and that above this temperature the cells stopped growing (data not shown), whereas the highest amount of GABA was produced at such growth inhibiting temperatures.
GABA was produced in large quantities under acidic conditions, with highest production at pH 5.0 (Fig. 1b) . On the other hand, production of GABA was almost completely inhibited at and above neutral pH values, whereas the cells grew optimally at these pH values, as mentioned above.
As for the NaCl concentration, however, a dose dependent decrease in GABA production was recorded. This is also in sharp contrast to the effect of NaCl on the growth of MR-1 strain, as described above.
Effects of various reagents on the production of GABA by the MR-1 strain
The highest amount of GABA was produced with 2% cells, and the production level remained similar up to 5% cells (data not shown). Increasing cell concentrations further tended to lower GABA production. In case of monosodium glutamate, it was found that the reaction solution containing 2% yeast cells produced the highest content of GABA when supplemented with 1% monosodium glutamate (Fig. 2a, left axis) , but the maximum conversion rate (86%) from monosodium glutamate to GABA was obtained at 0.2% monosodium glutamate (Fig. 2a, right axis) . This suggests that the MR-1 strain has superior ability to catalyze the reaction from monosodium glutamate to GABA. However, a tendency toward lower conversion might be due to surplus addition of monosodium glutamate.
The production of GABA increased dramatically when the reaction solution containing 1.0% monosodium glutamate was supplemented with glucose in a dose dependent manner up to 5% (Fig. 2b) . Further addition of glucose reduced the production of GABA. In addition, ethanol and various free amino acids such as alanine, glycine and lysine as well as various organic acids such as maleic acid and succinic acid were also detected in the reaction solutions containing 1.0% monosodium glutamate (Table 1) . It was noted, however, that the addition of glucose to the reaction solution stably produced GABA even in the absence of monosodium glutamate, although the amount of GABA was very low (13-15 mg/100 mL).
On the other hand, the addition of various saccharides at 5% in place of glucose to a reaction solution containing 2% cell bodies of the MR-1 strain and 1% monosodium glutamate also produced GABA, although the production of GABA was not as high as in the case of glucose (Table 2) . Without glucose, fructose produced the highest amount of GABA, followed by sucrose and maltose. Similarly, the addition of various metabolic intermediates in glycolysis and the TCA cycle, such as pyruvate, -ketoglutarate, succinate, and maleate, was also found to produce GABA (Table 2) . Again the amount of GABA produced was considerably lower than by glucose.
Based on the results above, it appears that GABA is not produced by the MR-1 strain through a single catalytic reaction involving a particular enzyme. Rather, it is accomplished by a fermentation reaction process catalyzed by a combination of various intracellular metabolic enzymes.
Discussion
Since ancient days, various useful bioactive substances, such as amino acids, nucleic acids, and antibiotics, have been produced in large quantities by the fermentation of microbes. 16, 17) The underlying principles of these Reaction conditions for the production of GABA are described ''Materials and Methods.'' In panel a, the left axis shows the production of GABA (vertical bars) and the right axis the conversion rates from monosodium glutamate to GABA (the dotted line). Panel b shows GABA production in the presence (gray bars) and the absence (black bars) of glucose.
traditional fermentation technologies can be summarized as follows: First, to produce bioactive substances effectively, it is often necessary to use mutated strains obtained through special chemical processing, not original strains found in nature. Secondly, active ingredients are produced from cells in the log phase of growth, not in the stationary phase. 18, 19) The industrial production of GABA by Lactobacillus is an example of production in a log phase. 18, 20) Due to the production process, it is very difficult to separate and purify target ingredients from the culture solution. Thirdly, because of various regulation systems in the living cell such as feedback restraint and inhibition, overproduction of a specific metabolic product is practically very difficult. It is thus often necessary to add various specific chemicals to the culture medium to offset these cellular functions. 21, 22) The production of GABA by the MR-1 strain in the present study was clearly different from that obtained by conventional methods, as described above. The MR-1 strain is a naturally occurring yeast isolated from seawater. Although GABA was hardly detected in proliferating cells, it was produced in large quantities when cell bodies were allowed to react with monosodium glutamate in the presence of glucose. This suggests that GABA production and cell proliferation involve two different metabolic processes in MR-1 cells. It was not necessary to add any chemicals except for monosodium glutamate and glucose to produce GABA. Thus the industrial production of GABA from the MR-1 strain appears to be advantageous in terms of easy process flow and low cost.
Since the process of GABA production includes two independent steps, we investigated the most suitable reaction condition for both. There were remarkable differences between the two reaction processes. For example, cell proliferation was high in a temperature range of 17.8-28. 6 C, whereas the optimal temperature for GABA production was in a range of 40. 5-48.0 C. This suggests that the temperature range of 40.5-48.0 C required for GABA production might be high enough to reduce metabolic functions in proliferating cells effectively.
Previously, we reported that the MR-1 strain does not produce GABA from glutamic acid without the addition of glucose. It is known that cooperative action of glutamate decarboxylase with pyridoxal 5 0 -phosphate (PLP) as a coenzyme is necessary for GABA production, 23) but PLP is produced by phosphorylation of vitamin B6 only in the presence of ATP. 24) Hence it is likely that glucose functions to supply ATP to the system, which ultimately aids in GABA production. Unlike monosodium glutamate, GABA was obtained in a reaction solution containing only glucose, although production was very low (13.4-15.0 mg/100 mL) and had nothing to do with the concentration of glucose added. Such low but constant levels of GABA production might be attributed to metabolic conditions in the MR-1 strain at the stationary phase. Under normal physiolological conditions, GABA is produced from -ketoglutarate in the TCA cycle following glycolysis. 23, 25) The resulting GABA is then converted into succinate by GABA transaminase and succinate semialdehyde dehydrogenase, returning to the TCA cycle, 24) but normal physiological metabolism, including the reaction converting GABA into succinate, is likely to be inhibited at high induction temperatures, which are lethal to the MR-1 strain.
If glucose functions to supply energy (ATP production), other saccharides, which can enter into glycolysis and various metabolic intermediates in glycolysis and the TCA cycle, must have similar effects on the production of GABA. The experimental results shown in Table 2 indicate that in fact they, do have the ability to induce production of GABA from monosodium glutamate, particularly fructose, sucrose, maltose, and pyruvate.
Since the MR-1 isolate used various saccharides as energy sources to produce GABA in considerable quantities in reaction solutions containing monosodium glutamate, and since various amino acids, organic acid, and alcohol were also detected in the reaction solution along with GABA (Table 1) , we concluded that the production of GABA in MR-1 yeast is not the result of a simple enzymatic reaction involving only glutamate decarboxylase. Rather it is a fermentation reaction that includes the TCA cycle and related metabolic reactions.
At the initial stage we were able to produce about 120 mg of GABA from 100 mL of reaction solution containing 5% glucose and 1% monosodium glutamate.
3) However, optimization of culture and reaction conditions in the present study, particularly with regard Concentrate (12.5 mL) was prepared from 25 mL of a reaction solution containing 2% cell bodies, 5% various mono-and disaccharides, or 50 mm of various intermediates in glycolysis and the TCA cycle in the presence of 1% monosodium glutamate.
to induction temperature and the composition of the reaction mixture, resulted in the production of about 350 mg of GABA from an equal volume of reaction solution. Thus the optimized protocol developed in this study should be useful for the mass production of GABA from the P. anomala MR-1 strain on an industrial scale.
